We have investigated the water abundance in shock-heated molecular gas, making use of Herschel measurements of far-infrared CO and H 2 O line emissions in combination with Spitzer measurements of mid-IR H 2 rotational emissions.
Introduction
As discussed in detail in the recent review of van Dishoeck et al. (2013) , water is a ubiquitous astrophysical molecule that has been observed extensively in comets, circumstellar envelopes around evolved stars, protostellar disks, circumnuclear disks in active galaxies, and interstellar gas clouds. Astrophysical objects in which water has been detected range in distance from solar system objects to galaxies at redshifts greater than 5.
In the interstellar medium, water vapor can play an important role as a coolant, and its observed abundance is expected to serve as an important astrophysical probe. Over the past two decades, wide variations in the interstellar water abundance have been inferred from observations of non-masing water transitions, performed with the Infrared Space Observatory (ISO), the Submillimeter Wave Astronomy Satellite (SWAS), the Odin satellite, the Spitzer Space Telescope, and the Herschel Space Observatory. In particular, enhanced abundances of water vapor have been reported in the cooling gas behind interstellar shock waves, where water vapor is expected to be the dominant reservoir of gas-phase oxygen, due to the release of ice mantles by sputtering and/or the production of water vapor through endothermic gas phase reactions. Previous observational determinations of the water abundances in the shocked ISM have been summarized by van Dishoeck et al. (2013; their Table 4 ).
Whilst the abundances of water vapor behind interstellar shock waves are -without question -several orders of magnitude larger than those present in cold molecular gas clouds, the precision of detailed quantitative measurements of the water abundance have been limited by uncertainties in the physical conditions within the emitting gas. For example, in their study of water transitions observed with the Infrared Spectrograph (IRS) on Spitzer toward the protostellar outflow associated with NGC 2071, Melnick et al. (2008;  hereafter M08) combined mid-IR observations of pure rotational emissions from H 2 and H 2 O to infer a water abundance H 2 O/H 2 in the range 2 × 10 −5 and 6 × 10 −4 (the upper end -4 -of which is broadly consistent with theoretical predictions). The factor of 30 uncertainty in the inferred range largely reflected uncertainties in the density of the emitting gas; because of the large spontaneous radiative rate for mid-IR H 2 O transitions, the relevant rotational states are subthermally populated (unlike those of H 2 ); thus the inferred H 2 O abundance is roughly inversely proportional to the assumed gas density. M08 suggested that future observations of high-lying rotational states of CO -which could be performed with the then-upcoming launch of Herschel -could help place stronger constraints upon the water abundance.
In this paper, we present new observations of far-IR H 2 O and CO emissions from shocked interstellar gas, carried out with the Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010 ) instrument on Herschel (Pilbratt et al. 2010 ) toward three sources: the protostellar outflow associated with NGC 2071 (in which two positions were observed), and the supernova remnants 3C391 and W28. These sources represent archetypal examples of interstellar shock waves caused by the interaction of a protostellar outflow or a supernova remnant with an ambient molecular cloud, and have been discussed in recent studies of line emissions observed with Spitzer (M08; Neufeld et al. 2007, hereafter N07) . To recap these discussions briefly, NGC 2071 lies at a distance of 390 pc, (Anthony-Twarog 1982) within the Orion B molecular cloud complex, and is an active region of intermediate-mass star formation; the positions observed in this study lie within a prominent bipolar outflow on either side of a central cluster of infrared sources, at projected distances of 0.13 and 0.28 pc from the infrared source IRS1. 3C391 is an X-ray and radio-bright supernova remnant lying at a distance of 9 kpc within the Galactic plane; in this study we have targeted the "broad molecular line" region (Reach & Rho 1999) In Section 2 below, we describe the observations and data reduction, and we present the far-infrared spectra thereby obtained. In Section 3, we discuss how the far-infrared line
fluxes measured with Herschel/PACS can be combined with previous Spitzer observations of H 2 pure rotational transitions to obtain estimates of the physical conditions in the emitting gas and the water abundance. In Section 4, these water abundance estimates are discussed in the context of astrochemical models. A brief summary follows in Section 5.
Observations, data reduction and observed far-infrared spectra
The Herschel/PACS data presented here were all acquired in range spectroscopy mode. The coordinates of the observed positions, observing dates, integration times, and Astronomical Observing Request (AOR) numbers are given in Table 1 . The positions of the PACS observations are indicated in Figures 1 -3 , which superpose the PACS "spaxel"
(spatial pixel) positions on maps of each source. In the case of NGC 2071, the background image is a Spitzer/IRAC map, whilst for 3C391 and W28 it is a radio continuum image.
The PACS spectrometer obtains spectra at 25 spaxels of size 9 ′′ .4 × 9 ′′ .4 arranged in a roughly rectangular 5 × 5 grid. these observations were 11 − 12% and the peak-to-peak errors were ±30%.
Additional processing was carried out using custom routines developed in the Interactive Data Language (IDL). These were used to fit continua to line-free regions of the spectra, and to fit Gaussian profiles to the detected spectral lines, using the Levenberg-Marquardt algorithm. In Figures 4 -7 , we present the continuum-subtracted spectra obtained toward each source. These spectra are sums over the 25 PACS spaxels. showed an unusual appearance that cast doubt upon the reality of the feature. A complete list of all marked transitions is given in Table 2 , which lists the fluxes measured for good signal-to-noise ratio lines. Here, we focus on the CO and H 2 O line emissions observed with PACS; these emissions originate primarily in molecular gas that has been heated by nondissociative shocks, and are excited primarily by collisional excitation with H 2 . In the present paper, we will not consider further the fine structure emissions observed from atoms and atomic ions, which are primarily excited in faster, dissociative shocks, nor the rotational emissions from OH, for which radiative excitation typically plays a critical role (e.g. van Dishoeck et al. 1987 , Melnick et al. 1990 ).
The flux values given in Table 2 for CO and H 2 O were used in the excitation analysis of Section 4. In addition, we list the fluxes for 7 pure rotational transitions of H 2 , observed previously with Spitzer/IRS (N07, Neufeld et al. 2009 ), and -in the case of NGC 2071 NE -for four water transitions observed with Spitzer (M08). Finally, for 3C391 and W28, we use ISO measurements (Reach & Rho 2000) of the H 2 S(3)/S(9) ratio to estimate the H 2 S(9) flux. The fluxes given in Table 2 and used in the excitation analysis are sums over the 25 PACS spaxels 2 2 Because the resolution of PACS is wavelength-dependent at wavelengths above 100 µm (Poglitch et al. 2010) , with a full-width at half maximum that is comparable to -or larger than -the spaxel size, and because there are small offsets between the spaxel positions for the blue and red SED modes, our use of summed fluxes yields line ratios that are more 
Derivation of the physical parameters and water abundance
In modeling the excitation of CO, H 2 and H 2 O, we have solved the equations of statistical equilibrium using a code described previously by Neufeld & Kaufman (1993) .
Here, an escape probability method was used to treat the effects of radiative trapping in optically-thick lines; such effects are most important for H 2 O and entirely unimportant for H 2 . We adopted the rotational energies given by Nolt et al. (1987) , Dabrowski (1984) and Kyro (1981) espectively for CO, H 2 and H 2 O; and the spontaneous radiative transition probabilities given respectively by Goorvitch (1994) , Wolniewicz et al. (2008) and Coudert et al. (2008) . Assuming H 2 to be the dominant collision partner, we made use of the state-to-state rate coefficients given by Yang et al. (2010) , Flower (1998), and Daniel et al. (2011) for the collisional excitation of CO, H 2 and H 2 O by H 2 . Except in regions very close to strong sources of infrared continuum radiation (such as the circumstellar envelopes of robust than those that could be obtained from the brightest few pixels alone. However, our choice of using the total fluxes, summed over 25 spaxels, does entail a cost in the resultant signal-to-noise ratio (Karska et al. 2013 ; their Appendix B)
-9 -evolved stars), radiative pumping is unimportant in the excitation of these molecules and was neglected in our analysis.
The H 2 and CO rotational line strengths listed in Table 2 are conveniently represented on "rotational diagrams", in which the column density per magnetic substate -computed under the assumption that the optical depth is negligible -is plotted against the energy of the upper state on a log-linear scale. For gas in local thermodynamic equilibrium (LTE) at a single temperature, the resultant rotational diagrams yield a straight line with a slope inversely proportional to the gas temperature. As is typically found for other sources observed with Herschel/PACS (e.g. Herczeg et al. 2012 , Goicoechea et al. 2012 , Manoj et al. 2013 , Green et al. 2013 , the rotational diagrams for CO ( and these cannot be accounted for by an isothermal emitting region unless unreasonably low densities (n H < ∼ 10 cm −3 ) are posited. In addition, as noted in Neufeld et al. (2006) for the sources HH54 and HH7, the rotational diagrams show a zig-zag behavior that implies a non-equilibrium ortho-to-para ratio (OPR) for H 2 ; evidently the emitting gas has not been warm long enough to acquire the OPR (∼ 3) that would obtain in equilibrium at its current temperature, but instead retains a "memory" of an earlier epoch in which it was much cooler. The departures from an equilibrium OPR value are more pronounced for low-lying rotational states, a behavior that suggests the rate of equilibration to be an increasing function of temperature. This is readily understood if reactive collisions with H are the dominant process for ortho-para conversion in warm gas, as they possess an -10 -activation energy barrier ∼ 3900 K (Schofield 1967) .
Motivated by the positive curvature in the H 2 rotational diagrams, we followed previous work (e.g. Neufeld et al. 2009 , hereafter N09) in assuming a power-law distribution of gas temperatures, with the amount of material at temperature between T and T + dT assumed proportional to T −b dT over a wide range of temperatures (100 K to 5000 K). We obtained estimates for the gas density, n(H 2 ), and the power-law index, b, from a best fit to the Spitzer H 2 S(0) -S(5) fluxes and the PACS CO fluxes tabulated in Table 2 . We did not include the H 2 S(7) or S(9) line fluxes, because those lines trace considerably hotter gas than that traced by the CO and H 2 O lines that we have detected with PACS. In this analysis, we made the following assumptions: (1) a CO abundance corresponding to the gas-phase elemental abundance of carbon in diffuse molecular clouds (Sofia et al. 2004) , (2) an H 2 OPR with the temperature dependence given by N09 (their eqn 1), in which the initial OPR ratio, OPR 0 and the time period for equilibration, τ are treated as free parameters; (3), for purposes of determining the line optical depths, an H 2 column density ofÑ (H 2 ) = 10 20 cm −2 per km s −1 , the canonical value for nondissociative interstellar shocks 3 (e.g. Neufeld & Kaufman 1993) ; and (4) a constant gas density. The assumption of constant density, in particular, is clearly an idealization.
However, whereas the Spitzer-detected H 2 line emissivities are roughly independent of gas density (the H 2 level populations being close to LTE), the emissivities of CO and H 2 O lines within the PACS wavelength range are roughly proportional to n(H 2 ) in the density regime 3 Here,Ñ (H 2 ) is the optical depth parameter defined by Neufeld & Kaufman (1993) .
In the large velocity gradient limit, which applies behind nondissociative shock waves, it is simply equal to n(H 2 )/|dv z /dz|, where dv z /dz is the velocity gradient in the direction of shock propagation. Since the n(H 2 ) and dv z /dz are both roughly proportional to the preshock density,Ñ(H 2 ) is roughly independent of the preshock density.
-11 -of present interest. Thus, the H 2 O/CO abundance ratio inferred from the relative strength of the PACS-detected CO and H 2 O lines is relatively insensitive to the assumed gas density.
In the upper left panels of Figures 12 -15 In modeling the excitation of water, we consider two free parameters: the water abundance relative to CO, n(H 2 O)/n(CO), and the minimum temperature at which water is present, T w . Here, motivated by astrochemical models that posit a dramatic increase in the water abundance at gas temperatures > ∼ 400 K (due to high temperature chemistry;
see Kaufman & Neufeld 1996, hereafter KN96) or for shock velocities > ∼ 25 km s −1 behind which the gas temperature is > ∼ 1300 K (due to ice sputtering; see Draine et al. 1983, hereafter D83) , we adopt a very simple assumption that the water abundance is zero for T < T w and has some constant value for T ≥ T w . Given the best-fit physical parameters determined from a simultaneous fit to the H 2 and CO transitions, as described above, Table 2 (including the mid-IR lines observed by Spitzer toward NGC 2071 NE).
-12 -Here, an identical filling factor is assumed for all transitions, an OPR of 3 is assumed for water, and the n(H 2 O)/n(CO) ratio is allowed to range up to (n O − n C )/n C ∼ 1.2, where n O /n H = 3.5×10 −4 is the gas-phase abundance of oxygen in diffuse atomic clouds (Cartledge et al. 2001) . This maximum value is the n(H 2 O)/n(CO) ratio that could be attained if grain mantles were fully sputtered and H 2 O accounted for all gas-phase oxygen not bound as CO. Our computation of n(H 2 O)/n(CO) and T w was performed assuming the best-fit parameters for the gas density, n(H 2 ), and the power-law index, b, derived previously. Thus, rather than obtaining a simultaneous fit to all the data within a four-dimensional parameter space, we perform two sequential fits within the two-dimensional parameter spaces defined by n(H 2 ) and b, and by n(H 2 O)/n(CO) and T w . This simplification is justified by the fact that the primary degeneracies are between n(H 2 ) and b, and between n(H 2 O)/n(CO) and T w . Within the range of acceptable parameters for b, for example, the derived value for T w shows a much weaker dependence on b than it does upon n(H 2 O)/n(CO).
Because H 2 O is an asymmetric top, rather than a diatomic molecule, its excitation does not naturally lend itself to being representing by a rotational diagram. Thus, in the lower right panels of Figures 12 -15 , we simply present the best-fit log 10 (observed/fitted line fluxes) for all transitions of H 2 O (along with those for H 2 and CO). Here, the transitions are ordered vertically by energy of the upper state. In Table 3 , we list best-fit values for the six parameters we adjusted to obtain this fit. In the case of all four observed positions, the lower right panels of Figures 12 -15 show no evidence for para-H 2 O transitions (green) being systematically overpredicted or underpredicted relative to ortho-H 2 O transitions (red); thus, the data appear broadly consistent with the assumed OPR of 3 for water.
-13 -4. Discussion
Physical conditions
The best-fit densities and power-law indices inferred for the supernova remnants W28 and 3C391 all lie within previous estimates, reported by Yuan and Neufeld (2011, hereafter Y11) , that were based on an earlier dataset that did not include the PACS CO line fluxes. In the case of W28, the best-fit density, n(H 2 ) ∼ 4000 cm −3 , is broadly consistent with a previous study by Gusdorf et al. (2012) . In that study, the strengths of CO lines up to J = 11 − 10 were compared with shock models computed for preshock densities n(H 2 ) = 500, 5000, 5 × 10 4 and 5 × 10 5 cm −3 ; the best fit was obtained for preshock density n(H 2 ) = 5000 cm −3 , which corresponds to a typical density of ∼ 10 4 cm Overall, the best-fit power-law indices lie in a narrow range (2.7 to 3.2) that appears to be typical of interstellar shock waves (e.g. N09, Y11, Yuan 2012), at least as inferred from observations of H 2 rotational emissions. Given typical interstellar magnetic fields, planar shocks of a single velocity yield H 2 rotational diagrams that are nearly flat, the bulk of the H 2 emission occurring within a postshock region of roughly constant temperature.
Thus, the curved rotational diagrams that we have observed suggest a distribution of shock velocities. Such a distribution might plausibly arise in unresolved bow shocks that present -14 -a range of shock velocities along a given sightline and within a given beam; as indicated by the H 2 line maps plotted in Figures 8 -11 , the shock-excited line emission clearly exhibits structure that is unresolved at the resolution of PACS. As discussed in Y11, the inferred values for b are somewhat smaller than that expected for paraboloidal bow shocks, b = 3.8, but might be understood for bow shocks with a characteristic shape that is somewhat flatter than a paraboloid (i.e. which presents a somewhat larger surface area at large angles to its axis).
Given the best-fit densities and power-law indices determined from the CO and H 2 line ratios, the absolute line fluxes indicate warm (T > 100 K) H 2 column densities in the range 0.3 − 3 × 10 21 cm −2 , averaged over the regions observed with PACS (see red contours in the upper left panels of Figures 12 -15) . These values are typical of the column densities expected behind non-dissociative molecular shocks (e.g. Neufeld et al. 2006 ).
Water abundance
In standard models for the chemistry of nondissociative shock waves 4 (e.g. D83, KN96, Instead, the dominant reservoir of oxygen may be grain mantles composed of ice and other oxygen-containing materials. In that case, the relevant process is the sputtering of grain mantles. The fraction of the material released to the gas phase is expected to be a and smaller fields to the right. Second, they assume the ionization fraction appropriate to molecular gas that is well-shielded from ultraviolet radiation. If a local source of ultraviolet radiation is present, the ion-neutral coupling length can be reduced, leading to a larger gas temperature for a given shock velocity: this would move the red triangles to the right.
The supernova remnant 3C391 exhibits fine structure emissions from [OIII] , suggesting that fast dissociative shocks are present along with the slower nondissociative shocks that produce the observed H 2 and CO emissions. These dissociative shocks will be sources of UV radiation, although the degree to which the nondissociative molecular shocks are irradiated will depend strongly upon the geometry. Third, if a significant ultraviolet radiation field is indeed present at the location of the warm molecular gas, photodissociation can limit the water abundance behind the shock front; however, at a temperature of 1300 K or greater, neutral-neutral reactions are extremely efficient in reforming H 2 O. Thus, the effects of photodissociation are only likely to be significant in downstream material that has already cooled; in this region, elevated OH abundances may be present as a result of H 2 O photodissociation. Fourth, water ice does not appear to be sufficiently abundant to account for the oxygen depletion in dense molecular clouds (e.g. Jenkins 2009; Whittet 2010). Thus, other oxygen-bearing molecules within the grain mantle presumably account for a significant fraction of the oxygen budget. These molecules, as yet undetected by infrared spectroscopy of grain mantles, have been referred to as Unidentified Depleted Oxygen (UDO; Whittet 2010); depending upon their binding energy, they might have different sputtering thresholds than water ice.
Toward W28, the best-fit values for T w and n(H 2 O)/n(CO) are evidently in good agreement with the standard theoretical predictions. Toward the other positions, the best-fit H 2 O/CO ratios are significantly smaller (factor 4 to 16) than the standard theoretical predictions, as are the temperatures (factor of 3 to 8). However, in all sources there is a significant degeneracy between n(H 2 O)/n(CO) and T w ; this is clear in Figures 12 -15 (lower left panel), where the plotted contours define a "valley", extending from the lower left to the upper right of the panel, within which a good fit to the data is found. Not surprisingly, if the assumed value of T w is increased above its best-fit value, a corresponding increase in the assumed water abundance above T w tends to compensate for that increase.
Thus, in all sources, the standard theoretical predictions for n(H 2 O)/n(CO) and T w appear to be in acceptable agreement with the data, notwithstanding the additional considerations described in the previous paragraph. If we now assume, as a prior, that the n(H 2 O)/n(CO) ratio is 1.2 above the threshold temperature, T w , we obtain best-fit T w values in the range 1000 -1600 K (see Table 3 ): these values lie within a factor 1.3 of the standard theoretical prediction, T w = 1300 K. This result suggests that the interstellar oxygen not bound as CO resides primarily in grain mantles, in the form of ice and other materials with a similar threshold for sputtering, and that this oxygen is converted to water vapor by gas-phase reactions, once released from the grain mantle. The positively-curved H 2 rotational diagrams obtained for these sources imply that a range of gas temperatures is present along a given sightline and within a given spaxel. For an assumed CO/H 2 abundance ratio of 3.2 × 10 −4 , a simultaneous fit to the CO and H 2 rotational diagrams can be obtained for H 2 densities ranging from ∼ 4000 to ∼ 10 5 cm −3
for the four observed positions. For an assumed powerlaw distribution of gas temperatures, with the amount of material at temperature T to T + dT assumed proportional to T −b dT for temperatures in the range 100 -5000 K, the best fit to the H 2 and CO fluxes is obtained for b in the narrow range 2.7 -3.2 for the four observed positions. Such a distribution might plausibly arise in unresolved bow shocks that present a range of shock velocities along a given sightline and within a given beam.
3. Assuming that the water abundance rises sharply to a constant value at some temperature, T w , an assumption motivated by theoretical models for the chemistry behind non-dissociative molecular shock waves, we obtained best-fit values for T w ranging from 
